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ABSTRACT
The strength and success of the hydrogen economy relies heavily on the storage of hydrogen.
Storage systems in which hydrogen is sequestered in a solid material have been shown to be
advantageous over storage of hydrogen as a liquid or compressed gas. Many different types of
materials have been investigated, yet the desired capacity and uptake/release characteristics
required for implementation have not been reached. In this work, porphyrin aggregates were
investigated as a new type of material for hydrogen storage. The building blocks of the
aggregates are porphyrin molecules that are planar and can assume a face to face arrangement
that is also known as H-aggregation. The H-aggregates were formed in solution, upon mixing of
aqueous solutions of two different porphyrins, one carrying positively charged and the other one
carrying negatively charged functional groups. The cationic porphyrin used was meso-tetra(4N,N,N-trimethylanilinium) porphine (TAP) and it was combined with four different anionic
porphyrins, meso-tetra(4-sulfonatophenyl)porphine (TPPS), meso-tetra(4-carboxyphenyl)
porphine (TCPP), Cu(II) meso-tetra(4-carboxyphenyl) porphine, and Fe(III) meso-tetra(4carboxyphenyl) porphine. The force of attraction that held two oppositely charged porphyrin
molecules together was electrostatic attraction between the peripheral groups. Solid state
aggregates were successfully isolated either by solvent evaporation or by centrifuging and freeze
drying. TCPP-TAP and Cu(II)TCPP-TAP aggregates were shown to interact with hydrogen
starting from 150 °C up to 250 °C. The uptake capacity was about 1 weight %. Although this
value is very low, this is the first observation of porphyrin aggregates absorbing hydrogen. This
opened the way for further research to improve hydrogen absorption properties of these
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materials, as well as other materials based on this model. Two other materials that are also based
on planar building blocks were selected to serve as a comparison to the porphyrin aggregates.
The first of those materials was metal intercalated graphite compounds. In such compounds, a
metal atom is placed between the layers of graphene that make up the graphite. Lithium, calcium
and lanthanum were selected in this study. Theoretical hydrogen capacity was calculated for each
material based on the hydriding of the metal atoms only. The fraction of that theoretical
hydrogen capacity actually displayed by each material increased from La to Ca to Li containing
graphite. The weight % hydrogen observed for these materials varied between 0.60 and 2.0 %.
The other material tested for comparison was KxMnO2, a layered structure of MnO2 that
contained the K atoms in between oxygen layers. The hydrogen capacity of the K xMnO2 samples
was similar to the other materials tested in the study, slightly above 1 weight %.

This work has shown that porphyrin aggregates, carbon based and manganese dioxide based
materials are excellent model materials for hydrogen storage. All three materials absorb
hydrogen. Porphyrin aggregates have the potential to exhibit adjustable hydrogen uptake and
release temperatures owing to their structure that could interact with an external electric or
magnetic field. In the layered materials, it is possible to alter interlayer spacing and the particular
intercalates to potentially produce a material with an exceptionally large hydrogen capacity. As a
result, these materials can have significant impact on the use of hydrogen as an energy carrier.
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1. INTRODUCTION

1.1

Need for Alternative Energy Sources

The dwindling supplies of fossil fuels, along with adverse environmental effects of their use,
have stimulated the search for alternatives that are renewable and environmentally benign.
Several renewable energy sources, such as wind, solar, geothermal, biomass and hydropower are
currently being used successfully for power generation. However, replacement of fossil fuels in
mobile applications is still in the development phase. Ethanol can be used in internal combustion
engines and it has partially replaced gasoline for automobiles. Despite being renewable, carbon
dioxide emissions and extensive resource and land requirements raises concerns about ethanol as
an alternative [1, 2]. In addition, successful use of ethanol is possible only in countries such as
Brazil where the high demand can be sustained by efficient manufacturing from vastly available
resources [3].

Hydrogen is a renewable and environmentally friendly fuel. It can be produced from a variety of
sources, one of which is water. When used properly, the only waste product after its utilization is
water. These properties make hydrogen a potential alternative to fossil fuels as an energy carrier.
Similar to any other fuel, the use of hydrogen depends on the effectiveness of production, storage
and conversion to energy. Unlike petroleum, hydrogen is not harvested, but it must be generated.
Approximately 95% of the hydrogen produced in the United States is generated via the steam
reforming process and the production of the remaining 5% is distributed among electrochemical,
1

photolytic and thermal processes [4]. Other methods such as the fermentation of biomass are also
investigated in order to develop more efficient and environmentally less hazardous routes [5].

Storage of hydrogen is the bottleneck in the use of hydrogen in mobile applications. The criteria
to be considered for hydrogen storage systems include

 Volumetric energy density
 Composition (w/w)
 Hydrogen loading and unloading conditions
 Cost
 Safety

To be practical, a hydrogen powered vehicle is expected to have a range of at least 300 miles.
Assuming a fuel cell powertrain, such a range requires 4-5 kilograms of hydrogen on board [6].
In the United States, the Department of Energy has set hydrogen storage targets for hydrogen
powered vehicles in terms of both volumetric and gravimetric standards, as shown in Table 1 [7].
An ideal storage system, therefore, should be able to store the required hydrogen without
exceeding a certain volume and mass.
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Table 1. US DOE hydrogen storage targets for automobile applications.
Year

2010

2015

Gravimetric capacity

6 wt% H2

9 wt% H2

Volumetric capacity

0.045 kg H2 l-1

0.081 kg H2 l-1

Cost

US$4 per kW h

US$2 per kW h

1.2

Hydrogen Storage Alternatives

Hydrogen can be stored as a compressed gas, a cooled liquid or bound chemically/physically
within a solid compound. Compressed hydrogen is the current technology used in hydrogen
powered vehicles, storing hydrogen at 350 bars [4]. In spite of the well established technology,
compressed hydrogen does not meet the volume requirements for automobiles because the
volumetric density of compressed hydrogen is not high enough and valuable vehicle space is
needed for a nominal range of the vehicle.

Storage of hydrogen in liquid form requires temperatures as low as 20 K at a few atmospheres of
pressure in insulated tanks. This is the main form of transport of hydrogen over long distances,
from its source to the point of use. Liquid hydrogen is the most expensive storage option because
the cooling process requires approximately 35% of the energy of the fuel itself. Cost of tank
manufacture, loss by boil off and necessary safety measures also increase the cost. Before liquid
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hydrogen can be considered a viable option for on board storage, it’s economic and safety factors
require improvement.

Storage of hydrogen chemically or physically bound within solid materials has a greater potential
than storage as a compressed gas or as a liquid. The advantages of this storage method include
the ability to achieve a higher volumetric density and utilize lower pressure, reducing structural
requirements and greatly improving safety. Metal hydrides, carbon based nanostructures and
other network solids are strong contenders for applications as hydrogen storage materials
because they can contain and release large amounts of hydrogen under favorable conditions of
temperature and pressure. These materials will be discussed here briefly before focusing on the
title materials that were prepared and tested within the scope of this study.

1.3

Chemically or Physically Stored Hydrogen

1.3.1 Metal Hydrides

Owing to its small size, the high diffusion rate of hydrogen in a metal matrix allows relatively
high reaction rates with metals. This reaction forms a class of compounds known as metal
hydrides [8]. The properties, crystal structures and chemical bonding observed for metal hydrides
cover a wide spectrum. A metal hydride, for example can have ionic, covalent or metallic bonds.
With the discovery of low temperature and reversible hydriding of metals at practical rates in the
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early 1960s, research on storage of hydrogen as metal hydrides has increasingly made important
contributions to the use hydrogen [9].

Formation of a metal hydride is generally an exothermic process and is a function of pressure
and temperature. When hydrogen pressure is increased over a metal at a fixed temperature, the
metal first becomes saturated and then the hydride starts to form at a certain pressure, called the
plateau pressure, where pressure versus composition curve becomes horizontal. The plateau
pressure depends directly on temperature and the type of the metal. Decomposition of the
hydride takes place when pressure over the hydride is decreased to a level lower than the plateau
pressure at that temperature. The temperature dependence of the plateau pressure also allows the
release of hydrogen by increasing the temperature to a level at which the plateau pressure is
above the system pressure [10]. It is a desirable property of metal hydrides that hydriding and
dehydriding occur at reasonable temperatures and pressures. Unfortunately, the metals and alloys
that fulfill this requirement are based on heavy transition metals such as lanthanum. Therefore,
the gravimetric performance of such materials is poor, despite the fact that their volumetric
capacities are far better than liquid hydrogen. On the other hand, lighter metal hydrides,
including complex hydrides, provide improved gravimetric properties. Their disadvantage is the
requirement of high temperature to form and decompose their hydrides. Reversibility and
recycling are the other important properties for hydrogen storage materials to satisfy the lifetime
requirements. Research on metal hydrides has focused on overcoming such issues. For example,
the irreversibility of sodium aluminum hydride has been overcome by the use of titanium based
catalysts [11]. Also the combination of two different hydrides, such as LiBH4 and MgH2, has
5

been shown to have a decreased plateau pressure in comparison to LiBH4 and MgH2 individually
[12].

1.3.2 Network Solids

Network solids typically have enormous surface to volume ratio and function in gas storage and
separation processes by adsorption. A gas mixture can be separated by adsorption [13] where one
component with the higher affinity for the adsorbent is removed. The adsorbed gas is then
recovered by increasing the temperature, and the surface is reused for the next cycle of
adsorption. For example, carbon dioxide-methane mixtures can be separated by this method.
Adsorption processes can produce high purity gas; concentrations above 99% are common. Since
adsorption is a surface phenomenon, it is quantitatively related to the surface area available,
which is ample in network solids. Materials that can provide this required surface area include
activated carbon, zeolites and metal organic frameworks. The ability of these network solids to
hold guest molecules introduce their potential to be exploited for the storage and transportation
of gases, including hydrogen.

1.3.2.1 Zeolites

Zeolites are a class of aluminosilicate materials with a regular network of pores and channels that
can provide a large surface area and pore volume available for guest molecules. There are about
40 natural and 130 synthetic structures of zeolites that find a variety of uses, from heterogeneous
6

catalysis to gas separation. Zeolites for hydrogen storage were initially investigated for hydrogen
encapsulation triggered by high temperatures. In one of the initial studies approximately 0.6
weight percent hydrogen capacity above 300 °C and several hundred bars of pressure was
reported[14]. In later studies, the effect of temperature, pressure and structural and compositional
changes of a zeolite on its hydrogen storage capacity were investigated, and no more than 0.2
percent hydrogen was found [15]. Trials for hydrogen storage at low temperatures (77 K) and
relatively low pressures (0.5 to 15 bars) showed that hydrogen capacity decreases with increasing
pore size in the zeolite and a range of 0.5 to 2 weight percent hydrogen is possible in zeolites as a
function of structure and constitution as well as pressure [15]. At 77 K, 2.55 weight percent
hydrogen was attained employing 40 bar H2, which is a substantially higher pressure compared
to the other studies conducted at that temperature [16]. Due to the inverse relationship between
adsorption and temperature, room temperature hydrogen capacity of zeolites are much lower (1.2
%) even at 700 bar pressure [17]. In a recent development, a structurally zeolite-like carbon
material was prepared by chemical vapor deposition on a zeolite template. This material
adsorbed 6.9 weight percent hydrogen at 77 K and 20 bar, showing that carbon structures are
potentially viable candidates for hydrogen storage applications [18].

1.3.2.2 Carbon Nanostructures

Activated carbons have been found to be effective in the storage of methane at ambient
temperature; however, adsorption of hydrogen is practically negligible up to 60 atmospheres of
hydrogen. To increase storage capacity to reasonable values requires lower temperatures and
7

activated carbons with higher specific surface area and bulk density. At 77 K and 35
atmospheres of hydrogen, approximately 8.5 weight percent of hydrogen can be stored [19].
Even though this is beyond current targets, the pressure and temperature conditions to achieve
such capacity make it impractical to implement.

In theoretical studies, carbon nanotubes have been shown to have a stronger interaction between
guest molecules and the substrate compared to flat surfaces [20]. However, the small pore
volumes result in less overall adsorbed density of hydrogen [19]. Nanotubes with wide diameters
and large space between individual tubes have been theoretically determined to exhibit hydrogen
adsorption capacity up to 8.2 weight percent at 80 K and 70 atmospheres [21]. However, this
capacity has not been confirmed experimentally.

Widely varying experimental results have been reported for the hydrogen capacity of carbon
nanostructures. Hydrogen capacity of 13 % for multi-walled nanotubes and values ranging from
15-67% for herringbone-type fibers at about 100 atmospheres and room temperature were
reported but never reproduced elsewhere [22]. In another study, 8 weight percent hydrogen
capacity was reached at 120 atmospheres at 80 K for single wall nanotubes [23]. However, other
papers showed that there was no more than 0.1 weight percent hydrogen stored by a variety of
carbon materials including nanotubes, filaments, and vapor-grown fibers at 35 atmospheres and
room temperature [22, 24].
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The low hydrogen capacity of purely carbon based structures is attributed to the weak van der
Waals attraction between the hydrogen molecule and the material, which is reported to be
between 0.04 and 0.12 eV [25]. The enthalpy of chemically bound hydrogen is greater than the
values for adsorption making the removal of hydrogen an energy intensive process. Therefore, to
achieve adsorption in acceptable quantities that could be reversed without the need for high
temperatures, it was demonstrated that the ideal enthalpy of physisorption is between
approximately 0.2 and 0.6 eV (20-60 kJ/mol) [26, 27]. Further studies were directed towards the
investigation of materials with enthalpy of adsorption within this range and are discussed in the
following section.

1.3.2.3 Metal Atom Doped Carbon Structures

It has been shown that when a metal atom is incorporated into a carbon nanostructure, the
interaction of hydrogen with the carbon structure is unaffected but instead the isolated metal
atoms can interact with the hydrogen in a differently than as if they were in the bulk [25]. One
explanation for this enhancement involving alkali metals is based on charge transfer from the
metal atom to the carbon network. The positive charge of the metal atom then causes polarization
of the H2 molecule, resulting in a charge-induced dipole interaction that is stronger than the
interaction of H2 with the carbon [28, 29]. Lithium doped graphene is calculated to have
enhanced molecular physisorption through this mechanism [30].

9

The interaction of transition metals with H2 can be explained by Kubas interaction. In Kubas
interaction, the electron density of the H-H bond is shared with an empty orbital of the metal to
form a metal-σ bond. The back bonding from an occupied orbital of the metal to the antibonding
(σ*) orbital of the H 2 molecule causes the elongation of the H-H bond [31, 32]. Depending on
other ligands present, this back bonding can be sufficient to overpopulate the H 2 σ* orbital to
result in the cleavage of the H-H bond. Overall, the binding energy of H2 to the metal is greater
as opposed to the weaker van der Waals forces.

The binding energy of H2 to titanium centers placed on carbon nanotubes has been calculated to
be 0.18-0.54 eV for varying populations of Ti, approximately one order of magnitude larger than
van der Waals interactions [33]. Up to four hydrogen molecules can be fixed per Ti atom and
with high coverage, resulting in a calculated hydrogen absorption of up to 8 % at ambient
temperature and pressure. Of those four hydrogen molecules, the first one has a dissociative
interaction with the Ti atom with a binding energy of 0.83 eV. The other three H 2 molecules
were adsorbed non-dissociatively with 0.34-0.45 eV binding energy, and with elongated H-H
bonds. Other studies on buckyballs doped with 3d series transition metals also revealed the same
dissociative/non-dissociative scheme for the first 5 atoms of the 3d series [34, 35]. For iron and
beyond, all four molecules were adsorbed non-dissociatively. The calculated hydrogen storage
capacity was 7.5 % at ambient temperature and pressure for those 3d metal doped fullerenes.

The advantage of carbon structures doped with metals over individual hydrocarbon-metal
complexes for hydrogen storage is the ability to avoid polymerization of the organic ligand and
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clustering of the metal atoms upon removal of hydrogen, therefore allowing the process to be
cycled [28, 34]. In metal-doped carbon structures, the metal atoms were modeled to be
individually placed on the carbon network, forming a metal-π bond, following the Dewar-ChattDuncanson model for olefin coordination [32]. However, clustering issues arose in the actual
attempt to synthesize carbon nanotubes with individually placed metal atoms using chemical
vapor deposition. Gold, iron, aluminum and lead are reported to form clusters, rather than
uniform coatings due to the weak interactions between the metal atom and the carbon network.
Titanium is one metal that could be deposited uniformly and uninterruptedly. This was explanied
by the hybridization of titanium d orbitals with the carbon p orbitals to form a relatively stronger
bond [36]. In an interesting report, it was concluded that when carbon nanotubes are sonicated
using a titanium alloy probe, the nanotubes’ hydrogen adsorption was attributed solely to the Ti
particles (10nm - 1µm) deposited on to the nanotubes transferred from the probe during
sonication [37]. The amount of hydrogen absorbed was, therefore, proportional to sonication
time. Up to 1.47 wt. % hydrogen was absorbed by nanotubes sonicated for 24 hours, and 1.4 %
for graphite sonicated for 16 hours.

1.3.2.4 Metal Organic Frameworks

Metal organic frameworks (MOF’s) are relatively newly developed materials that are formed by
metal ions linked together by organic bridging blocks. MOF’s are formed by the
copolymerization of the building blocks, in a polar solvent, into periodic networks that have
specific crystal structures with specific pore geometries and sizes. Metals such as zinc, nickel,
11

iron or copper are used with a variety of organic linkers [38]. Because the character of the
product strongly depends on temperature, pressure, ionic strength and solubility of the organic
link and the metal salt, MOF’s with a wide range of properties can be prepared by slight changes
in the conditions. One problem with MOF’s can be the lack of permanent porosity, which is
caused by the collapse of the porous structure upon removal of the guest water molecules;
however, this can be solved by either using specific metal atoms or rigid organic building or
secondary building blocks [38, 39].

As a result of their porous structures, MOF’s have large surface areas that can be exploited for
adsorption of guest molecules [40]. Adsorption of N2 and CO2 from gas phase and CH2Cl2 and
C6H6 from liquid phase by MOF’s has been reported to be successfully implemented [41]. The
hydrogen sorption capacity of a variety of MOF’s has also been a major point of interest.
However, due to the small heat of adsorption of H2, hydrogen capacity is inversely proportional
to temperature and cryogenic temperatures must be employed to increase the effectiveness of van
der Waals forces. At 20 atm H2, a variety of MOFs has been determined to hold 1.5 to 4.5 weight
% hydrogen at 77 K, while the room temperature capacity was 0.15 % [42, 43].

It should also be noted that the hydrogen capacity of a MOF is independent of composition and
structure. The factors that have been shown to effect hydrogen capacity are specific surface area
and pore size [44, 45]. For different materials, the universal maximum is reached at different H2
pressures due to the changes in heat of sorption for different MOF compositions.
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The main focus of this study is to reveal and contrast the hydrogen storage properties of carbon
and non-carbon based layered structures, both doped and non-doped with metal atoms. The
selected structures are porphyrin based aggregates, metal intercalated graphite and potassium
intercalated manganese (IV) oxide.

1.4

Porphyrin Aggregates

1.4.1 Porphyrins

Porphyrin is the general name of a group of organic molecules that are based on a macrocyclic
tetrapyrrole core that is shown in Figure 1 as its free base [46]. This fundamental structure is
aromatic and highly conjugated, has rigid planar geometry, and high photochemical stability
[47]. These characteristics lead to the specific properties and chemical activity of porphyrins that
find application in different processes, both biological and synthetic. For example, a heme
molecule carries oxygen in red blood cells and chlorophyll in plants harvests the photons
required for photosynthesis [46, 48]. In solar cells, porphyrins find use as photoreceptors [49].
Porphyrins can also be used as catalysts in chemical reactions [47], electron transfer media in
conducting polymers, chelating agents, and molecular sensors for DNA, pH, and metal ions [5052]. This diversity in properties of porphyrins is due to the different substituents that can be
attached to alpha, beta, meso or central positions. Alpha, beta and meso substituents are organic
groups; aliphatic or aromatic. The central position can be occupied by a metal atom or two
hydrogen atoms that significantly changes the catalytic activity [53, 54]. In addition to chemical
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properties, physical properties such as solubility are also altered by the side groups. Porphine and
non-polar porphyrins are soluble in non-polar solvents, whereas porphyrins bearing anionic or
cationic moieties are soluble in water or other polar solvents [55, 56].

meso-positions

beta-positions

alpha-positions

Figure 1. Porphine, C20H14N4, the simplest porphyrin and its available positions. M is the central
position.

1.4.2 Homo Aggregates of Porphyrins

1.4.2.1 Self assembly of Porphyrins

Porphyrins have the ability to form self-assembled aggregate structures. This aggregation affects
many properties including but not limited to optical absorption [55, 57]. Self aggregation can be
a result of intermolecular electrostatic attraction between permanent charges, as well as the
extended conjugation leading to π-π interactions in between two or more molecules
simultaneously [58, 59]. Aggregates are classified by the relative orientation of monomers; they
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are of the H-type when the line connecting the centers of the monomers is perpendicular to the
transition dipole; and of the J-type when parallel or at an angle (approximately 15° with the
horizontal) as shown in Figure 2 [60, 61].

Face to face arrangement of monomers causes a hypsochromic shift in the absorption spectrum,
hence the name H-aggregates. On the contrary, J-aggregates result in bathochromic shift. Excited
state energy levels split upon aggregation. Transitions to the antibonding excited state are
allowed in the H-aggregates resulting in the hypsochromic (blue) shift in absorption. For Jaggregates, transitions to the lower energy excited state are allowed resulting in the
bathochromic (red) shift [62]. Consequently, the type of aggregates can be determined by
absorption spectroscopy [58, 61]. The wavelength shift due to aggregation, and the amount of
shift is a function of the center to center distance between monomers, relative orientation of the
monomers and the number of monomers in the aggregates [63, 64].

Figure 2. Geometric arrangement of monomers resulting in J (left) and H-types of aggregates.
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The driving force for aggregation and type of aggregate formed depend on several factors such
as concentration, pH, and ionic strength as observed in one of the common porphyrins studied;
meso-tetra(4-sulfonatophenyl)porphine (TPPS). TPPS consists of the basic macrocycle with M =
H2 and four para-sulfonatophenyl groups at the meso positions that are non-planar with the
tetrapyrrole core, making an angle of 60-70° [65, 66]. In aqueous solution, TPPS exists as
TPPS4- at high pH and as H22+TPPS4- below pH 4.8 [67]. In the TPPS4- form, the porphyrin is
found as monomers and the Soret band is centered at 413 nm. The Soret band is the name of the
very strong absorption band in the blue region of the absorption spectrum of a heme protein [68].
Once the pH is lowered to 4.0 or less, the electronic absorption spectrum of the resulting turbid
solution has a Soret band shifted to 433 nm with a new peak at 489 nm. Removal of solids by
filtration also removes the 489 nm peak, which is assigned to porphyrin J-aggregates. The
structure of the aggregates was determined, by circular dichroism and fluorescence studies, to be
edge to edge zwitterionic electronically coupled species in which the protonated central nitrogen
atoms of one porphyrin interacts with the negative sulfonato groups of the other porphyrin, as
shown in Figure 3 [58, 69, 70]. With the protonation of the central nitrogen atoms, the phenyl
rings that were originally non-planar with the porphyrin ring become co-planar. This sterically
favors the electrostatic attraction between the sulfonato groups and the central nitrogen atoms
and triggers the formation of the J-aggregates [71, 72].

Upon raising pH, the aggregates separate into free monomers with the deprotonation of the
nitrogen atoms. The availability of central nitrogen atoms for protonation is, therefore, essential
for such aggregates to form. This is supported by the fact that aggregation does not take place
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when the porphyrin is coordinated to a metal atom. It should also be noted that the formation of
H-aggregates of TPPS is not favored due to electrostatic repulsion between monomers. When a
solution containing aggregates was dried over mica slides, the aggregates were locked in J-type
arrangement and their physical properties depended on the water vapor pressure in the
surrounding air because the solids are highly hygroscopic [72]. X-ray diffraction studies revealed
that from 0 to 25 torr water vapor pressure, the distance separating the porphyrin planes in solid
state varied from 14 to 20 Å due to entrance of water.

H

H

H
H

H H
H

H

Figure 3. J-type aggregates of TPPS at pH below 4.0, two different representations.
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The formation of H-type aggregates is possible when the π-π interactions between the two π
systems become dominant. Such π-π interactions are observed in many other processes such as
base-base interactions in DNA [73], packing of aromatic molecules into crystals [74] and may
also be observed in porphyrin J-aggregates in organic solvents [75]. In conjugated π systems, the
negatively charged π-electron clouds sandwich a positively charged σ-framework and two or
more molecules can interact with each other and either assume edge to edge or offset-stacked
geometry (J-aggregates) when the attraction between π-electrons and the σ-framework overcome
the π electron repulsion. In face to face stacked geometry (H-aggregates), the π – π repulsion
dominates and this type of aggregates is not observed but J-type is [59]. The π – π interaction has
also been found to be important in the efficient charge transportation in organic semiconductor
solids [76].

Coordination with a metal changes the aggregation properties of porphyrins. Zinc coordinated
unsubstituted porphyrins show enhanced π -π interaction in their J-aggregates due to
intramolecular polarization, with the interplanar distance between the two porphyrins being 3.4
to 3.6 Å and the molecules being off centered about 3-4 Å, Figure 4 [59]. Covalently linked
porphyrin dimers also show an offset positioning of the porphyrin planes, indicating the favoring
of such offset arrangement [77]. It is also possible to have porphyrin-solvent interaction when
solvent molecules have high polarizability, i.e. molecules with π-systems. Solvents affect the
aggregation behavior of porphyrins by either developing π -π interactions with the porphyrin
(aromatic solvents) or by strengthening the porphyrin-porphyrin hydrophobic interactions (polar
solvents) [50, 57, 78, 79].
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The formation of H-aggregates is relatively less favored than J-aggregates in aqueous solution
due to the relative weakness of van der Waals/hydrophobic interactions between the π surfaces of
the porphyrins. Also in aqueous solution, the presence of counter ions such as solvated Na +
electrostatically distorts the π-surface of the porphyrin and weakens the hydrophobic interactions
resulting in the deformation of the face to face arrangement [78].

N

N
N

N

N

N

N

N

Figure 4. Zinc porphyrin J-aggregate offset-stacked conformation. Zn atoms omitted for clarity.

It was originally believed that porphyrins, such as TPPS and meso-tetra(4carboxyphenyl)porphyrin (TCPP), having negative charges at the periphery have more tendency
to aggregate than porphyrins such as meso-tetra(4-N-methylpyridyl)porphyrin (TMPyP) with
positive charges [80]. This conclusion was reached by testing the adherence to Beer’s law via
absorption spectroscopy and did not successfully apply to dilute solutions. However when dilute
solution of TMPyP was studied by fluorescence spectroscopy, evidence of aggregation was
observed below 10-7 mol.L-1 [81].
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1.4.2.2 Assisted Aggregation

In addition to self induced aggregation, it is also possible to organize the molecules by the use of
polymeric supporting materials including DNA, and membranes [82] that also can induce
chirality [49, 83]. TPPS can directly penetrate into a partially anionic DNA/PAH
(poly(allylamine hydrochloride)) film as H or J-aggregates with the aid of a metallated cationic
porphyrin as a spacer [84]. Such aggregates are investigated as photodynamic treatment agents
and contrast agents in the magnetic resonance imaging of tumor cells [85]. Self-formation of Haggregates of TPPS is inhibited by the weakness of π-π interactions but can be formed with the
aid of template structures. In the layer by layer deposition or dendrimer stabilized immobilization
of TPPS, the initial product is the J-aggregates at low pH. However, in such systems, aggregates
do not disintegrate into monomers upon increase of pH but rather form H-aggregates, despite the
electrostatic repulsion between sulfonatophenyl groups. These aggregates are stabilized by two
forces; hydrophobic π-π interaction between two monomers and electrostatic attraction between
porphyrins’ anionic moieties and the host’s cationic sites [67, 86, 87].

H-aggregates of TPPS can be made with the aid of cationic surfactants [85]. It has been shown
that addition of cetyltrimethylammonium bromide to a 20 µM TPPS solution below pH 3.5
initially leads to formation of J-aggregates. Upon further increase of surfactant concentration, Haggregates are formed. It should be noted that beyond the surfactant critical micelle
concentration, TPPS is found as micelle encapsulated monomers [60]. The surfactant mediated
aggregates are formed by the London forces in action between the alkyl chains of the surfactant,
whose cationic heads are attracted to the anionic sulfonato groups of the porphyrin. These
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aggregates can be characterized by UV-visible spectroscopy that indicates the type of aggregates
and shows that the porphyrin molecules are at enough distance from each other to affect their
electronic energy levels. Aggregates of other charge bearing porphyrins such as meso-tetra(4carboxyphenyl)porphyrin (TCPP) and meso-tetra(4-N-methylpyridyl)porphyrin (TMPyP) can
also be prepared by the aid of surfactants [60].

Yttrium and lanthanides form coordination complexes with the tetrapyrrole ring of beta-octaethyl
porphyrin. With the metal atom positioned slightly above the tetrapyrrole plane, sandwich-like
structures containing two porphyrin molecules with the metal atom in between are formed, where
the porphyrin macrocycles are in face to face arrangement as in a typical H-aggregate and rotated
at an angle of 45° with respect to each other. Interplanar space depends on the ionic radius of the
metal; porphyrin planes in cerium, europium and nickel complexes have typical π-π interaction
distances of 3.40, 3.42 and 3.36 Å, respectively [79, 88]. This value is about 3 Å in the Haggregates of magnesium coordinated tetrapyrrole rings of chlorophyll b, where the mode of
attraction between the aromatic rings is the π-π overlap; the same kind of attraction in the
lanthanide mediated H-aggregates. Aggregates composed of three porphyrin molecules with two
metal atoms between each layer also have similar π-π overlap, resulting in interplanar distances
comparable to that of the double layered aggregates [89]. It is also known that coordination of
the metal with another ligand decreases the electron density of the coordinate covalent bond
between the metal and the porphyrin and negatively affects aggregation [90].
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1.4.3 Porphyrin hetero H-aggregates

The pursuit of mimicking natural processes using non-covalent porphyrin aggregates led to the
discovery of hetero-porphyrin aggregates. These hetero aggregates are formed in aqueous
solution due to the electrostatic attraction between porphyrins bearing oppositely charged
functional groups comparable in size. This kind of attraction is stronger than the hydrophobic π-π
overlap and results in face to face arranged aggregates that are the H-type aggregates. Such
hetero aggregates were first reported by Shimidzu and Iyoda, where aggregates of meso-tetra(4carboxyphenyl)porphyrin (TCPP) and meso-tetra(4-N-methylpyridyl)porphyrin (TMPyP)
showed a blue shifted and hypochromic (decrease in absorbance) electronic absorption spectrum
relative to the monomers. These aggregates had 1:1 molar ratio of the constituent porphyrins
since, at this ratio, the blue shift and hypochromicity were at their maximum. It was shown that
the monomers did not form homo-aggregates under low ionic strength. At 1:1 molar ratio, the
Soret band was shifted to 413 nm from 422 and 415 nm of the parent porphyrins and the Q-bands
were red shifted, both of which showed up to 50% hypochromicity. In the UV region where the
carboxyphenyl and pyridinium groups absorb, neither a shift nor hypochromicity was observed.
This implies that the porphyrins were not positioned side by side but arranged face to face and no
interaction between the side groups other than electrostatic interaction took place. One other
necessary condition for the formation of H-aggregates is low ionic strength [91]. The extent of
blue shift is inversely proportional to the cube of the interplanar distance; the closer the
porphyrin planes to each other, the more the destabilization of the excited electronic state and the
greater the shift in absorption wavelength [92]. Therefore, the amount of shift can potentially
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give an indication about interplanar distances, as well as number of monomers in the aggregate,
as discussed earlier.

Formation of 1:1 hetero-aggregates from two oppositely charged porphyrins was confirmed by
other authors. A representative list of meso-substituted porphyrins that formed H-aggregates is
given in Table 2. Beta-substituted porphyrins are also reported to form hetero dimers [90],
however they are excluded from this discussion for the sake of simplicity. In meso-substituted
porphyrins’ aggregates, the common properties observed are

a. 1:1 molar ratio
b. Broadening of absorption spectra
c. Blue shifted Soret and red shifted Q-bands
d. Necessity of low ionic strength.

While the ratio of constituent porphyrins is 1:1, the aggregates generally have high multiplicity
[91]. Aggregation in the presence of a metal coordinated to the tetrapyrrole ring depends on the
coordination number of the metal. For example Cu(II) bearing porphyrins are able to form Haggregates, but Mn(III) or Au(III) are not due to the presence of a net positive charge in the
porphyrin core [82], although Fe(III) bearing porphyrins are able to form aggregates to some
extent.
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Table 2. Porphyrin hetero aggregates formed in solution.

M

R, M
R, anionic

M

CO2-

CO2

-

-CO2-

R, cationic

M

Ref.

Mg

Mg

[91],
[93]

Fe(III), Cu(II),
Ni(II)

Fe(III),
Cu(II),
Ni(II)

N(CH3)3+

2H

[94]

2H

[95] *

SO3-

2H

Cu(II),
Au(III),
Mn(III),
Zn

[82]
**

SO3-

2H, Zn

2H,
Cu(II)

[96]

(TAP)
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R, M
R, anionic

M

R, cationic

M

Ref.

SO3-

Cu(II)

2H, Zn,
Mg

[97]

SO3-

2H

Zn

[92]
6.5 Å

SO3-

2H

2H, Zn,
Cu(II)

[98]

* Computational
** On polyglutamic acid template as solids

1.4.3.1 Solid State Porphyrin Homo-aggregates

Homo- or hetero-porphyrin aggregates have been prepared in the solid state to investigate their
potential use in photoelectrochemical, sensor and catalysis applications. A common approach is
to form the solid aggregates on surfaces, which can be done by various techniques such as dipcoating, spin-coating, electro-polymerization and layer by layer deposition [92]. Films of TPPS
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formed by evaporation on glass substrate contained the J-aggregate in solid form, as shown by
UV-visible spectrophotometry [72]. The dependence of water vapor pressure on the structure and
orientation relative to the glass surface can be observed by X-ray diffraction. J-aggregates can
also be given specific shapes such as nanorod-like structures by altering the substrates to modify
reactivity [99]. Films obtained by evaporation may exhibit interesting characteristics such as
forming chiral assemblies despite that porphyrins are achiral themselves [75]. The chirality is
due to the helical structure of the assembly for which the growth direction is random; however,
the film of a derivative of ZnTCPP formed by spin coating from organic solvent assumes the
spinning direction of the vortex, and is stable up to the melting point of the J-aggregates.

It is also possible for porphyrins to form a variety of solids with different crystal structures due
to different intermolecular interactions because of the presence of a metal coordination center
[100]. Networks of coordination complexes are formed by hydrogen bonding where 1D, 2D or
3D structures are induced depending on the coordination number of the metal [101]. Solids of
porphyrins can be obtained in a similar fashion with or without the aid of a metal coordination
site. For example free base TCPP can form such molecular arrays, based solely on hydrogen
bonding. The solid obtained from basic aqueous solution was a single crystal, using nitrobenzene
as a crystallization template [102]. In the solid, each TCPP molecule was hydrogen bonded to
four other TCPP molecules, forming a sheet, that was stacked tightly on another TCPP sheet in
an offset manner, similar to the structure found in graphite. The channels formed perpendicular
to TCPP sheets were approximately 1.5 nm wide and 2.0 nm long.
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1.4.3.2 Solid State Porphyrin Hetero-aggregates

Multilayer assemblies of the tetra-ruthenated porphyrin (Table 2) and TPPS have been formed
via layer by layer deposition on glass, indium-tin-oxide or silicon substrates [92]. Deposition was
started with the ruthenated porphyrin layer due to its lower solubility thereby avoiding loss
during application of the second layer. The reported relatively small blue shift (2 nm) is
consistent with presence of the bulky [Ru(bpy) 2Cl]+ groups that cause the inter-porphyrin
distance to be 6.5 Å, as measured by atomic force microscopy. In addition to the side groups, it is
suggested that the metal atom coordinated to the tetrapyrrole ring also has an effect on the
characteristics of the film. Therefore, it was shown that it is possible to manipulate the
photophysical properties and reactivity of the films.

Solvent evaporation is another method to obtain solid state hetero-aggregates in bulk. ZnTPPS
and TAP have been shown to form aggregates. The aggregates were stellar shaped when
obtained from DMSO due to the interference of DMSO with the dimers. Linear microcrystals
were obtained from H2O where there was no interference [103].

In this study, the formation of solid state hetero aggregates and intercalated graphite compounds
along with their hydrogen sorption properties was investigated. The macromolecular Haggregate structures were found analogous to carbon nanostructures, zeolites and metal organic
frameworks in that they possess open spaces available between porphyrin planes for hydrogen
access and sites for possible host-guest interactions. In carbon nanostructures, zeolites and metal
organic frameworks, the interaction of hydrogen with the host structure are weak van der Waals
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attractions or Kubas interaction in the presence of metal atoms and cryogenic temperatures are
required to facilitate significant hydrogen adsorption. In this study, an alternative material that
can interact with hydrogen under more favorable conditions was proposed. The preparation,
characterization and hydrogen uptake properties of selected porphyrin aggregates were
determined.

1.5

Metal Intercalated Graphite

Of the many host materials for intercalation compounds, graphite is of special interest because of
the relatively higher degree of structural order [104]. Graphite is made up of sheets of hexagonal
cycles of sp2 hybridized carbon atoms. The sheets of carbon atoms are 3.35 Å apart and held
together by weak van der Waals forces that allow the planes to shift with respect to each other
and allows the insertion of atoms or molecules that result in the formation of graphite
intercalation compounds [105]. Intercalants can be classified as either electron acceptors or
donors and they can be metals, diatomic molecules, metal chlorides, bromides, oxides, sulfides,
and larger molecules such as benzene and C60 [106, 107]. In intercalated graphite compounds,
the original layered structure is preserved, while the spacing between the layers increases [108].
The stage index, n, is a characteristic of a specific intercalate. It is the number of contiguous
carbon layers without an intercalant layer and affects the properties of intercalated graphite. For
example alkali metal intercalated graphite composition is approximately MC8 for n = 1 and
MC12n for n ≥ 2 [109]. For graphite, stage numbers up to and exceeding 10 can be observed
[110].
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Graphite is considered a semimetal and it is given more conductive character by metal atom
intercalation, which results in a partial charge transfer to the carbon planes [111]. This leads to a
superconducting state below a transition temperature (T c) that depends on the amount of charge
transfer, as well as, the interplanar dilation. Because of the special interest in superconductivity,
intercalated compounds of graphite have drawn much interest and been investigated both
theoretically and empirically [111-113].

Intercalated graphite compounds are typically highly reactive; therefore, an inert atmosphere is
necessary for their preparation and storage. One well established preparation method is the two
zone vapor transport process in which a temperature gradient is applied on opposite ends of an
isolated chamber with the graphite and the metal on each end, under inert atmosphere [104].
Stage index, stoichiometry and properties depend on experimental factors such as the
temperature difference between two ends, type and thickness of graphite, and time of exposure,
which is measured in the order of several hours [114]. This method is applicable to the
intercalation of many elements and compounds, including alkali metals [115].

Various methods can be used to produce intercalates. One common method for metal
intercalation is the reaction of graphite and the intercalant in the molten state under inert
atmosphere for durations measured in the order of days [111, 116]. Materials such as LiC6 and
CaC6 can be prepared with this method; however, the process is energy intensive and time
consuming and thus not feasible for large scale production. For example, the preparation of CaC6
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can be accomplished by using a Li-Ca alloy with 70-80 atomic % Li but the product contains
only 60% CaC6 phase. Despite the original reports on the absence of Li in the final product, its
presence was confirmed by the formation of lithium hydride, LiH, upon exposure to hydrogen
gas [111, 117]. Intercalants such as bromine and metal chlorides can be incorporated into
graphite using their solutions [104]. It is also possible to form KC4H0.8 by direct intercalation of
potassium hydride, KH, instead of intercalating K and subsequent hydriding [109].

1.5.1 Mechanochemical Synthesis

Mechanochemical synthesis, ball milling, has been reported in the literature to be a viable
method for the production of graphite intercalation compounds and also was used in this study
[118]. The process is a well known solid state powder processing technique involving repeated
welding, fracture, re-welding and mixing of a blend of elemental or pre-alloyed powders in a
high energy ball mill [119]. The mechanical process results in equilibrium or non-equilibrium
states, defects, vacancies and size reduction and chemical reactions and possible phase changes
[120]. The benefit of mechanical synthesis over the molten alloy and vapor transport methods is
that it requires much less time to be completed and is less energy intensive. The desired phase,
microstructure and type of the product depend on several independent variables. Some of those
are given below along with their influences on the final product.



Type of mill is chosen according to the needed quantity of product, speed of milling
and final constitution.
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Milling container shape is generally dictated by the type of mill, however flat or
round ended vials might be available.



Milling speed has direct effect on the energy input to the reaction.



Milling time is chosen so to achieve a steady state between fracturing and cold
welding of the particles.



Type, size and distribution of the grinding medium are determined by the type of mill
and influences the time of milling.



Ball-to-powder weight ratio is effective on the successful impacts on the powder by
the balls and is decisive in time of milling.



Extent of filling the vial is critical as small quantities of balls and powder will not
have good production rates. On the other hand, filling the vial too much will not leave
enough space for the balls to move around, thus reducing the energy of impact.



Milling atmosphere highly effects contamination of the powder; therefore vials are
either evacuated or filled with an inert gas such as argon or helium.

Mechanochemical synthesis of graphite intercalation compounds is a fairly new approach that
gained popularity after the late 1990’s. Early work includes the synthesis of lithium intercalated
graphite using planetary ball mills where the golden/yellow lithium intercalated compound
formed within 6 to 12 hours of milling. The identity of the product was verified by powder X-ray
diffraction; the (002) peaks of graphite at approximately 26° 2θ are shifted to 24° and the
stoichiometry was determined to be LiC3.1 [121]. The interplanar spacing of graphite layers was
also determined by XRD to be 3.70 Å [122]. Calcium intercalated graphite was also reported to
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be formed by ball milling as an intermediate during calcium carbide synthesis [118]. This study
utilized a figure 8 shaker mill, at 1200 revolutions per minute. Formation of CaC6 was confirmed
within only one hour, and also contamination by Li is avoided. This method was employed for
the preparation of samples for this study.

1.5.2 Gas storage by Graphite Intercalation Compounds (GICs)

Graphite intercalation compounds have also drawn attention for use in hydrogen storage. The
openings, defects and increased interplanar spacing in the graphite structure are hydrogen
accessible. Furthermore, presence of individual metal atoms has the potential to increase the
binding energy of hydrogen to the carbon network or react with hydrogen themselves.

Hydrogen is physisorbed or chemisorbed by GICs, depending on temperature. For example, one
study showed that below 200 K, hydrogen was physisorbed between graphite sheets. A
maximum of two hydrogen molecules per alkali metal atom was observed. Physisorption was
observed only in higher stage (n ≥ 2) compounds due to the lower atomic density of the
intercalate between layers that allows the hydrogen molecule to access the lattice. The size of the
alkali metal atom was also a factor, since the size of the intercalate alters the accessible space.
Therefore, physisorption was shown to be possible for potassium or heavier alkali metal
intercalated graphite, but not lithium or sodium. The reported capacity was comparable to
zeolites and activated carbon under similar cryogenic conditions [109].
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It was experimentally shown that at temperatures above 200 K, hydrogen interacts with graphite
intercalated compounds via chemisorption. This was verified by the observation of ortho-para
conversion of H2 that requires the initial dissociation of the molecule by chemisorption [109]. At
ambient pressure, the activity of alkali metals towards hydrogen was shown to decrease as
K>Rb>Cs due to the increasing carbon-metal bond strength from K to Rb to Cs [123]. Also,
stage one intercalated compounds were shown to absorb more hydrogen than stage two
compounds. For example, the formulae of the resulting compounds from stage one and stage two
GICs were KC8H0.67 and KC24H0.5, respectively. The hydrogen uptake plateau pressure of the
stage one compound was approximately 100 mmHg [124]. Similar isotherms were obtained for
H in RbC8 but at the much higher pressure of 140 atm. The addition of hydrogen caused swelling
and an increase in the interplanar distance, from 5.40 Å to 5.94 Å in KC8H0.67 [125]. This
swelling was due to the change in the stage index of the compound from 1 to 2 by the horizontal
movement of metal atom layers and the placement of hydrogen atoms between two adjacent
layers of alkali metal atoms that resulted in a ternary compound of C-M-H-M-C type order
where M is the metal atom [126, 127]. It should be noted that only isolated regions of the stage
two compound were formed. When the starting material was the stage two compound, KC24,
chemisorption of hydrogen took place at a hydrogen pressure of 16 atm, required a longer time
than the stage one compound, and was expected to result in a stage three structure. It was also
observed that RbC24, CsC8 and CsC24 did not react with hydrogen [128].

Calcium intercalated graphite prepared by the molten alloy method was shown to exhibit
hydrogen uptake upon pressurization with hydrogen gas. Pressurization at 16 atm at 300 °C
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resulted in 3 weight % uptake after a period of one week. At 400 and 500 °C, hydrogen uptake
was more rapid and increased to approximately 3.5 and 5 weight %, respectively. It should be
noted that the sample was contaminated with Li. The absorption of hydrogen occurred via
formation of calcium hydride, CaH2 only, above 100 °C. At a temperature of 100 °C or less,
formation of LiH from Li impurity was observed along with the hydriding of Ca [117].

CaC6 and LiC6 decompose into graphite and the stable metal hydride upon hydriding as opposed
to the formation of the ternary compound in KC8. It was suggested that the driving force in the
separation of the hydride and the graphite was the cohesive energy of the metal hydride, which
was found to be stronger in Li-GIC and Ca-GIC graphite than K-GIC, hence the stability of the
hydrided K-GIC [129]. The spontaneous decomposition of CaC6 into graphite and CaH2 is a
major issue because stored hydrogen cannot be extracted from the final product at reasonable
conditions of temperature or pressure [117].

In another study, ferric chloride intercalated graphite, C8FeCl3, prepared by the two zone vapor
process was compared to FeCl3 impregnated graphite prepared by solution impregnation [130]. It
was found that FeCl3 impregnated graphite had a higher H2 adsorption capacity than intercalated
graphite; 0.6 and 1.1 weight %, respectively, at 25 °C and 600 torr equilibrium pressure.
Hydrogen addition to intercalated graphite was also possible when graphite and iron were ball
milled under H2 atmosphere in a chromium steel vial. The amount of hydrogen added to the solid
structure was measured by the amount that can be released. It was found that up to 3.9 weight %
hydrogen could be added to the iron-graphite system by 80 hours of milling. However since ball
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milling of graphite only resulted in 3.7 weight % hydrogen addition, a contamination from the
steel vial was suggested. The contamination was supported by the fact that hydrogen capacity of
graphite is 2 weight % when the steel milling vial was replaced by a zirconia vial. The proposed
catalytic effect of iron was rationalized by the formation of defective sites on the graphite that
are the covalent bonding sites for hydrogen. Hydrogen release studied by thermal desorption
spectra indicated a two-step hydrogen release, 475 and 750 °C [131].

Calculations based on density functional theory (DFT) showed that the hydrogen binding energy
of alkaline-earth intercalated graphite is in the required range for practical hydrogen storage. A
considerable amount of theoretical work on these materials has been published [129].

Computational studies often result in higher hydrogen storage capacity values compared to
experimental studies done on the same materials. For example, lithium pillared graphene sheets
have been calculated to store 6.5 weight % hydrogen at 20 atm and room temperature. The
authors attributed this to the increased interplanar distance to 10 Å, which is much larger than the
3.5 Å spacing exhibited by graphite. The recovery of hydrogen at 400 K under vacuum was 97 %
[132].

The interplanar distance was shown to play an important role in the accessibility of hydrogen
such that below 5 Å, hydrogen penetration was calculated to be impeded between the graphite
layers. The maximum storage capacity in the form of chemisorption was found for the
interplanar distance of 6 Å, beyond which the capacity gradually decreased [133]. The increase
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of interplanar spacing to about 6 Å was proposed to be done by the intercalation of larger
molecules, such as fullerenes or Li-THF-Li or Ti-ethylene-Ti triple layers [134, 135]. Fluoride
intercalated graphite was calculated to be capable of forming F8C32·24H2 that corresponds to 8.2
weight % hydrogen [136].

Even though experimental verification of the large hydrogen capacity reported in theoretical
studies is lacking, theoretical values reported are large enough to justify further investigation of
these materials for hydrogen storage applications. For example, the 8.2 % calculated for fluoride
intercalated graphite is close to the 2015 DOE requirement of 9 %. As a result, graphite
intercalation compounds were included in this study. Additionally, their geometrical structure is
similar to that of porphyrin aggregates, both being composed of planar building blocks. The
particular intercalation compounds selected were LiC6, CaC6 and LaC6. These intercalants were
chosen since each represents a different class of metallic element and all three intercalated
compounds could be synthesized with the same method, mechanical milling.

1.6

Potassium Intercalated Manganese(IV) oxide

Lithium intercalated metal oxides are extensively used as electrode materials in batteries. In
these materials, lithium is present as Li+, placed between the layers of a metal oxide. The general
formula for the layered structure is LiMO2 and these compounds have been extensively studied
[137, 138]. A similar intercalated structure was shown to form when potassium permanganate
was ball milled and then pyrolyzed in air for 5 hours at high temperature between 250-1000 °C.
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The exact formula of the intercalated compound was shown to be dependent on temperature. For
example, the formula was determined to be K0.30MnO2.11·0.60H2O when decomposition was
carried on at 800 °C. X-ray diffraction analysis showed that the compound formed at 800 °C had
a hexagonal lattice and a stacking pattern as given in Figure 5 where K+ and water molecules
were located at the interlayer gap. Although MnO2 is unstable at 800 °C, the highly crystalline
KxMnO2 was stable. This was explained by the pillaring effect of the high population of K+
[139].

7.08 Å

K or H2O
O
Mn

Figure 5. Stacking pattern of K0.30MnO2.11·0.60H2O.
The layered compound KxMnO2 was selected for this study because of its similarity to the other
layered structures; porphyrin aggregates and metal intercalated graphite compounds that were
also included in this work.
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2. EXPERIMENTAL

2.1

Chemicals and Reagents

Porphyrin compounds were used as received without any treatment. Meso-tetra(4-N,N,Ntrimethylanilinium) porphine (TAP), Fe(III) meso-tetra(4-carboxyphenyl) porphine
(Fe(III)TCPP) and Cu(II) meso-tetra(4-carboxyphenyl) porphine (Cu(II)TCPP) were purchased
from Frontier Scientific. Meso-tetra(4-carboxyphenyl) porphine (TCPP) and tetrasodium-mesotetra(4-sulfonatophenyl)porphine (TPPS) was purchased from Strem Chemicals. Lithium,
calcium and lanthanum were obtained from Alfa Aesar as 99.9% pure ingots; 99.5 % pure, -6
mesh granules; and 99.9 % pure pieces, respectively. Graphite was purchased from Asbury
Carbon as grade 3775 pyrolitic graphite or grade 3806. Graphite was dried in a 100 °C oven for
two days and stored under argon in the glove box. Ultra high purity grade hydrogen, high purity
grade helium and ultra high purity grade argon were obtained from Air Liquide.

2.2

Equipment and Instrumentation

Air sensitive materials to be ball milled or analyzed in a SETARAM DSC 111 were loaded into a
vial, sample boat, and sample transfer tube in an inert argon atmosphere of a Vacuum
Atmospheres Company glove box. For the mechanical synthesis of metal intercalated graphite
samples, a high energy Spex 8000D Mixer/Mill was used. Milling vials were constructed of
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440C stainless steel with a capacity of 65 mL. Centrifuging was done by a Beckman J2-21M
induction drive centrifuge.
2.2.1 Ultraviolet-Visible Spectrophotometry

Spectrophotometric measurements were made with an Agilent 8453 UV-visible spectrometer,
using 1 or 2 mm quartz cuvettes. The instrument was controlled with a Dell 4400 PC using
Agilent UV-vis ChemStation interface.

2.2.2 X-ray Diffraction

A Rigaku Multiflex X-ray diffractometer using Cu Kα radiation, was employed to characterize
solid porphyrin aggregates and metal intercalated graphite samples. Analysis was done over 2θ
ranges varying between 5º to 80º. The slit width and continuous scanning speed were 0.020 mm
and 2.400 degrees per minute, respectively. For some of the samples, stepwise measurements
were taken with step width of 0.01° and count time of 0.3 second at each step. The X-ray
generator voltage and current were set to 40 kV and 30 mA, respectively. Samples were
supported on a glass sample holder. Air sensitive samples were placed in X-ray transparent 3 mm
diameter plastic tubes in the glove box and sealed at both ends with vacuum grease or heat
sealed. Data were analyzed by Jade analysis software.
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2.2.3 Differential Scanning Calorimetry (DSC)

Hydriding characteristics of sample materials were determined using a SETARAM DSC 111
differential scanning calorimeter (DSC). The schematic of the complete setup is given in Figure
6. The DSC furnace was fitted with sample and reference cells made from 1/4” Hastelloy C-22
seamless tubing. The cells were connected to inlet and exit valves with quick disconnects for
easy access. The inlet and exit valves were needle and globe valves, respectively. The inlet
valves were connected to hydrogen and argon cylinders and the exit valves opened to the
atmosphere. All components and fittings were made of 316 stainless steel. The volume of the
sample cell was previously determined to be 0.01536 L. Pressure was monitored with two
Omega type px602 pressure transducers with a range up to 13.6 atm. Pressure data were acquired
with a Dell 4200 PC using LabView software using a National Instruments board. Thermal data
were directly transferred to the PC from the DSC and analyzed using Setsoft 2000 software. Data
handling, graphing and calculations were done using SigmaPlot and MS Excel. This DSC
allowed thermal and pressure measurements to be made under static or flowing conditions at
pressures as high as 136 atm and temperatures up to 773 K. Sample boats for the DSC were
made from 316 stainless steel. Sample cell volume was determined by a water displacement
method. Lateral heat loss compensation curves were established to calculate the gas temperature
with respect to cell temperature.

Air sensitive samples for DSC were prepared by loading up to 100 milligrams of sample into
sample boats under an argon atmosphere in the glove box. The samples loaded into the boat were
placed into the transfer tubing sealed by gate valves on each end to avoid exposure to
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atmospheric oxygen. The transfer tube was then taken from the glove box and attached to the
DSC via the quick connect. The DSC furnace temperature was stabilized at about 21 °C. The
sample cell was vacuumed and purged with argon six times. The cell was kept under a minimal
argon pressure, which avoided exposure of the samples to hydrogen before data collection
begun. Then the valve of the transfer tube was opened and the boat was pushed into position
using an iron rod. After inserting the boat, the exit valves were closed, the system was adjusted
to the desired hydrogen pressure and then the upstream valves and the hydrogen source cylinder
valve were closed. Samples that are not sensitive to air were loaded into sample boats in air and
pushed into the DSC under slow hydrogen purge.

P

Feed
Gas
Inlet
Valves
To
Vacuum

Reference
Cell

Quick
Disc.

DSC
Furnace

Quick
Disc.

Exit
Valves

P
Sample
Cell

Sample
Transfer
Tube

Figure 6. Schematic representation of the DSC setup. P denotes pressure transducer.
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The hydriding of the sample was performed with increasing temperature. After the sample was
inserted and the desired pressure of 8 to 10 atm of hydrogen over it had been established, the
furnace was held at the initial temperature (T1) for 180 or 600 seconds. Then the temperature was
increased at a rate of 5 °C/min up to a set final temperature (T 2) depending on the type of sample.
Porphyrin based samples were heated up to 250 °C. Metal intercalated graphite compounds were
heated up to 350 °C. Potassium intercalated MnO2 was heated up to 450 °C. The furnace was
held at the final temperature for 180 or 600 seconds and then cooled at a rate of 10 °C/min, down
to ambient temperature. Pressure data acquisition started at either the beginning or the end of the
initial hold period. Gas temperature at which hydrogen absorption stopped was determined and
used to calculate the amount of hydrogen absorbed by the sample, using the ideal gas law.

2.3

Sample Preparation

2.3.1 Porphyrin Aggregates

Solutions of TAP, TPPS, Cu(II)TCPP and Fe(III)TCPP were prepared by simply dissolving the
solids in deionized water. Solutions of TCPP were prepared by placing the solid in deionized
water and adding minimal amount of NaOH. Binary porphyrin aggregates of TCPP-TAP, TPPSTAP, Cu(II)TCPP-TAP and Fe(III)TCPP-TAP were prepared by incremental additions of one
porphyrin solution to the other. The progression of the reaction was monitored by UV-visible
spectroscopy. Due to the high molar extinction coefficient of porphyrin species, samples were
diluted by a factor of approximately 10 in order to obtain UV-visible spectra.
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The mixtures of porphyrin solutions were centrifuged at 8000 rpm for 20 minutes and 4 °C and
the supernatant was removed. Centrifuging was repeated two more times. After the removal of
the final supernatant, the centrifuge tube was dipped in dry ice-acetone bath at -78 °C for
approximately 5 minutes. Then the tubes were placed in a desiccator and kept under vacuum for
about 4 hours, until the samples were dry to form a free flowing powder.

The effect of pH on the formation of aggregates was determined as follows. Appropriate
volumes of TCPP and TAP solutions were transferred to three test tubes such that each tube had
TCPP and TAP in 1:1 molar ratio. HCl was added to the first tube, NaOH was added to the
second tube and all three were brought to the same volume by adding deionized water, resulting
in pH values of 2.6, 11.8 and 7.4. The solutions were analyzed using the UV-visible
spectrophotometer.

Samples of TPPS, Cu(II)TCPP and Fe(III)TCPP and TAP were recrystallized from water prior to
X-ray diffraction analysis in order to allow a better comparison with the aggregates which were
also prepared in solution.

2.3.2 Metal Intercalated Graphite

Graphite and the respective metal powders were milled in a stainless steel ball milling vial under
argon atmosphere. One 1/2 inch diameter stainless steel ball weighing approximately 8 grams
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was placed in the vial with the sample. The following sample compositions were used: 0.176 g
Li and 1.824 g graphite to give 1:6 molar ratio of Li to C; 0.180 g Ca and 0.300 g graphite to
give 1:2 molar ratio of Ca to C; and 0.425 g La and 0.075 g graphite to give a 1:2 molar ratio of
La to C. The powders were milled for 30 minutes. After milling, the powders were removed
from the milling jar and stored inside the glove box.

2.3.3 Potassium Intercalated Manganese(IV) oxide

The preparation of the sample was carried out according to literature. Potassium permanganate,
KMnO4, was pyrolyzed in air by heating to 800 °C at 1 °C per minute and holding the
temperature at that point for 5 hours. The product was washed with distilled water to remove
soluble byproducts, dried under vacuum, and stored under ambient conditions [139]. Samples
were oven dried at 110 °C for a period of at least 24 hours before they were analyzed in the DSC.
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3. RESULTS AND DISCUSSION
3.1

Equipment and Instrumentation

Three trials of pressure transducer calibration indicated a linear response and the regression
analysis of the calibration curves produced the following values for the sample side: average
slope of 0.1058 (standard deviation of 0.0001), average intercept of 0.8903 (standard deviation
of 0.0195), average R2 of 1.0000 (standard deviation of 0.0001). The values for the reference
side were; average slope of 0.1409 (standard deviation of 0.0002), average intercept of 0.9979
(standard deviation of 0.0112), average R2 of 1.0000 (standard deviation of 0.0000). A second
order polynomial fit (ax2+bx+c=0) was used to correlate gas temperature to the sample
temperature, both in Kelvin, and the following results were obtained: average “a” of -9.0 x 10-5
(standard deviation of 1.00 x 10 -5), average “b” of 0.147633 (standard deviation of 1.12 x 10-2),
and average “c” of 258.8133 (standard deviation of 2.43).

3.2

Porphyrin Combinations

The state of porphyrin species as monomers or aggregates in solution was determined by the use
of UV-visible spectrophotometry. Powder X-ray diffraction patterns of the solid aggregates were
compared to that of solid precursors to support the presence of aggregates in the solid state as
well. Hydrogen interaction properties were determined by differential scanning calorimetry
(DSC) at constant initial pressure.
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3.2.1 Solution Studies

3.2.1.1 Single Species
Absorption spectra of aqueous porphyrin solutions containing single species are shown in Figure
7. Each spectrum exhibits a very strong absorbance at about 415 nm, the Soret band, and weaker
peaks between 500 and 650 nm, the Q-bands. The respective wavelengths of the Soret and Qbands are given in Table 3. Cationic TAP and anionic TPPS, TCPP, Cu(II)TCPP and
Fe(III)TCPP existed as monomers in their solutions, shown by UV-visible spectra that contained
the Soret bands at about 413 nm.

Figure 7. Absorption profiles of porphyrins.
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Table 3. Absorption characteristics of porphyrin species.
Absorption wavelength, nm

Porphyrin

Soret band

Q-bands

TAP

412

514, 550, 579, 631

TPPS

413

515, 552, 581, 633

TCPP

414

517, 554, 581, 635

Cu(II)TCPP

413

540, 580

Fe(III)TCPP

409

568, 610

3.2.1.2 Mixtures of Porphyrin Solutions

Figure 8 and Figure 9 show the UV-visible spectra of solutions made by incremental additions of
a cationic porphyrin solution to an anionic porphyrin solution. In each plot it can be seen that
there was a shift of the Soret band to shorter wavelengths as the second porphyrin solution was
added. The absorption wavelengths of the Q-bands were found to be red shifted. The blue shift in
the Soret band and the red shift in the Q-bands were the indication of the formation of H-type
aggregates of TPPS-TAP, TCPP-TAP, Cu(II)TCPP-TAP and Fe(III)TCPP-TAP. Due to the high
molar extinction coefficient, the samples were diluted for absorption measurements. This
procedure was acceptable because only the wavelength shift, and not hypochromicity, was used
to verify the types of aggregates. Table 4 lists the wavelengths of the Soret and Q-bands
observed in Figure 8 and Figure 9 for solutions where molar ratio of porphyrin species was 1:1.
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Figure 8. The spectra of the solutions made by incremental addition of TAP solution to TPPS
solution (top) and TCPP solution to TAP solution (bottom).

48

Figure 9. The spectra of the solutions made by incremental addition of Cu(II)TCCP solution to
TAP solution (top) and Fe(III)TCPP solution to TAP solution (bottom).
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Table 4. Absorption wavelengths of porphyrin solutions, at 1:1 molar ratio.
Porphyrin pair

Soret band, nm

Q-bands, nm

TPPS-TAP

404

519, 555, 580

TCPP-TAP

400

523, 561

Cu(II)TCPP-TAP

399

525, 551, 592

Fe(III)TCPP-TAP

404

519, 584, 626

The spectra of solutions made by gradual addition of TCPP solution to TAP solution up to 1:1
molar ratio are shown in Figure 8 (bottom). It was observed that the maximum amount of blue
shift was at 1:1 molar ratio of porphyrins. Further addition of TCPP solution beyond 1:1 ratio
resulted in an increase of absorption at 414 nm as shown in Figure 10. The absorption at 400 nm
was unaffected. Therefore, it was concluded that mixing porphyrins in a 1:1 molar ratio lead to
the formation of aggregates with minimum contamination by monomers.

It was also noted that visible precipitates formed upon mixing solutions of TPPS and TAP. This
was the indication of either high aggregation number, or agglomeration of dimers. On the other
hand, visible solids were not observed when TAP solution was mixed with TCPP, Cu(II)TCPP or
Fe(III)TCPP. The reason for the lack of observable solids could be the higher ionic strength
relative to TAP solution that was due to the added NaOH to facilitate dissolution. It is known
that ionic strength to work against aggregate formation due to competing electrostatic attractions
[92].
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Figure 10. The spectra of the solution made by the addition on of excess TCPP solution to TAP
solution.
3.2.1.3 pH Dependence of Mixtures of Porphyrins
Absorption spectra of TCPP-TAP mixtures at three different pH values are shown in Figure 11.
All three solutions had identical porphyrin concentrations but different amounts of HCl or NaOH
added.
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Figure 11. Spectra of mixtures of TCPP and TAP solutions at various pH values.

The results showed that porphyrin species cannot form the aggregates in acidic conditions. A
possible explanation is as follows. The nitrogen atoms in the tetrapyrrole ring and the
carboxylate and sulfonate groups are bases. In strong acidic conditions, these basic groups are
protonated. As a result, there was no electrostatic attraction between TAP and TPPS or TCPP
which is necessary for the formation of the aggregates.

Aggregates only formed in basic solution. Aqueous solutions of TCPP, Cu(II)TCPP and
Fe(III)TCPP were basic because of the NaOH required to dissolve the substances. TPPS
solutions were also slightly basic because of the hydrolysis of the SO 3- groups. TAP solutions
were slightly acidic. The solutions resulting from mixing of the anionic porphyrins with the
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cationic porphyrin were inherently basic, therefore adjustment of pH was not necessary to have
aggregation.

3.2.2 Solid State Studies

3.2.2.1 X-ray Diffraction

Powder X-ray diffraction patterns of recrystallized solid porphyrins are shown in Figure 12.
Cu(II)TCPP displayed a Bragg peak at about 7° 2θ and a multiple peaks in the rest of the
diffractogram. The diffractogram of Fe(III)TCPP had two primary peaks at about 29° and 34° 2θ.
TCPP solids had five major peaks at 8°, 18°, 27°, 32°, and 33° 2θ. Diffractogram of TPPS had
one peak at 23° 2θ and a broad peak centered at about 17° 2θ. TAP solids had three major peaks
at 6°, 21°, and 23° 2θ.
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Figure 12. X-ray diffractogram of recrystallized porphyrins.

Solid state porphyrin aggregates were initially obtained by solvent evaporation, however it was
determined by X-ray diffraction that they were contaminated by NaCl. TPPS solutions contained
Na+ because the compound was used as its sodium salt. TCPP solutions also contained Na+ due
to the addition of NaOH to facilitate dissolution. TAP solutions contained Cl because TAP was
used as its chloride. Therefore crystals of NaCl formed upon evaporation of the solvent from
mixtures of solutions of the anionic porphyrins with the solution of the cationic porphyrin. The
solids also absorbed humidity from the atmosphere. For these reasons, it was found necessary to
separate the solid aggregates from the aqueous portion by centrifuging followed by freeze
drying. Only the aggregates of TPPS-TAP and TCPP-TAP were isolated by centrifuging.
Aggregates of Cu(II)TCPP-TAP and Fe(III)TCPP-TAP were obtained by solvent evaporation.
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Figure 13. X-ray diffractograms of recrystallized TPPS, TAP, and solids produced from the
mixture of TPPS and TAP solutions.
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Figure 14. X-ray diffractograms of recrystallized TCPP, TAP, and solids produced from the
mixture of TCPP and TAP solutions.

Figure 15. X-ray diffractograms of recrystallized Cu(II)TCPP, TAP, and solids produced from
the mixture of Cu(II)TCPP and TAP solutions.
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Figure 16. X-ray diffractograms of recrystallized Fe(III)TCPP, TAP, and solids produced from
the mixture of Fe(III)TCPP and TAP solutions.

The diffractograms of TPPS-TAP, TPPS and TAP are shown in Figure 13. The diffractogram of
the aggregates is essentially the sum of those of TPPS and TAP except for one peak at
approximately 5°.

Diffractograms of TCPP-TAP and its monomers are shown in Figure 14. The presence of peaks
in the diffractogram of TCPP indicates that it has more crystalline character than either TAP or
the aggregate. TAP on the other hand was mostly amorphous. TAP+TCPP aggregates are also
mostly amorphous while some crystallinity is observed within the amorphous region between
15° to 30° 2θ. The very small peaks in this region do not coincide with the diffractions of TCPP
or TAP.

57

It can be seen in Figure 15 that the peaks of Cu(II)TCPP and TAP are not present in the
diffractogram of their aggregate. The diffractogram of the aggregate showed the peaks for NaCl
plus a peak at about 4° that did not exist at neither of the starting materials. These changes in
diffraction patterns indicated the presence of new structures after the mixing of the porphyrins.

The diffractogram of Fe(III)TCPP-TAP aggregates showed no difference from the diffractogram
of Fe(III)TCPP, Figure 16, despite the blue shifted absorption maximum to 404 nm. However,
this was a smaller shift from the parent porphyrins, compared to TPPS-TAP, TCPP-TAP, and
Cu(II)TCPP-TAP. The smaller shift could be explained as follows. In Fe(III)TCPP, there is a net
positive charge on the Fe(III) that is in the center of the tetrapyrrole ring. A net positive charge is
known to interfere with the face to face arrangement of porphyrins to form hetero aggregates
[82]. In this case, however, aggregation was not completely inhibited, yet the H-aggregates had
larger interplanar distance than they would have without the presence of Fe(III). This was shown
by the spectrum that was blue shifted to only 404 nm. This increased distance between the planes
was the reason of the smaller blue shift. The increased interplanar distance also lead to a weaker
electrostatic attraction between porphyrins that could be the reason why the aggregates were not
strong enough to hold together upon evaporation of the solvent. As the solvent was evaporated,
precipitates of TAP and Fe(III)TCPP were produced, hence the solids had the same diffraction
pattern as the monomers.
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3.2.2.2 Differential Scanning Calorimeter

The behavior of the DSC without any sample present obtained at a heating rate of 5 °C per
minute from 27.0 °C to 250 °C under hydrogen at an initial pressure of 8.4 atm is shown in
Figure 17. The temperature curve was calculated, based on the initial temperature and the heating
rate. An approximately linear correlation was observed between pressure and temperature for
both sample and reference cells. The slight deviation from linearity was most likely due to lateral
heat loss from the tubes that extend from the DSC furnace. Due to the slightly different
positioning of the sample and reference cells, the lateral heat loss was not the same in both and is
likely the cause of slightly different curve shapes. Also due to the lateral heat loss, the
temperature of the gas in the sample tube was different than the furnace temperature and a
second order equation relating the two was used to calculate the gas temperature. The lateral heat
loss compensation curve is given in Figure 18 as a plot of gas temperature versus furnace
temperature, in °C.
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Figure 17. Pressure response of the DSC blank.

Figure 18. Gas temperature as a function of furnace temperature.
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Pressure data obtained by heating as received samples of TAP, TCPP, and Cu(II)TCPP in
hydrogen atmospheres are shown in Figure 19, Figure 20, and Figure 21. Temperature curve was
obtained experimentally. The pressure plots for TAP and TCPP showed a similar behavior to the
blank indicating they did not absorb hydrogen. However, Cu(II)TCPP did absorb hydrogen as
demonstrated by the deviation of the sample cell pressure from the reference cell pressure. The
deviation did not have a specific initiation temperature and it corresponded to 0.80 weight %
hydrogen at 250 °C, though the deviation continued even during the cooling indicating that
hydrogen was absorbed the entire time. A temperature of 250 °C was set as a maximum to avoid
decomposition or volatilization of the organic molecule.

Figure 19. Pressure data of hydrogen uptake of TAP.
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Figure 20. Pressure data of hydrogen uptake of TCPP.

Figure 21. Pressure data of hydrogen uptake of Cu(II)TCPP.
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Thermal and pressure data obtained from the DSC trial of hydrogen uptake of TCPP-TAP
aggregates obtained by centrifuging are given in Figure 22. Pressure first increased due to
increasing temperature. At about 1500 seconds into the experiment when sample temperature
was about 80°C, the slope of the sample pressure curve started to decrease, resulting in a lower
final pressure at 250 °C than there would be without the sample present, indicating hydrogen was
absorbed. At that temperature the hydrogen uptake by the sample that corresponded to
approximately 0.9 weight %. The amount of hydrogen absorbed by the samples was calculated
by baseline comparison due to the lack of rapid pressure drop. It is interesting to note that this
sample did not continue taking up hydrogen during the cooling period, unlike Cu(II)TCPP.

Figure 22. Pressure and thermal DSC data of hydrogen uptake of TCPP-TAP aggregates.
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Thermal and pressure data obtained from the DSC trial of hydrogen uptake and release of
Cu(II)TCPP-TAP aggregates obtained by centrifuging are given in Figure 23. Hydrogen uptake
also started at about 150 °C, similar to TCPP-TAP solids. Unlike Cu(II)TCPP solids, this
material did not continue taking up hydrogen during the cooling period. In addition, there was a
specific temperature at which the slope of the sample pressure curve changed.

The continuous hydrogen uptake by Cu(II)TCPP during heating and cooling periods indicate that
hydrogen is adsorbed. On the other hand, the aggregates, TCPP-TAP and Cu(II)TCPP-TAP,
have an initiation temperature and no uptake during the cooling period. This indicates that the
aggregate is different material than the starting materials and may show a different mechanism of
hydrogen uptake.
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Figure 23. Pressure and thermal DSC data of hydrogen uptake of Cu(II)TCPP-TAP aggregates.

The results of the calculations to obtain the weight percent hydrogen absorbed by the samples are
given in Table 5. The aggregate of Cu(II)TCPP-TAP had a hydrogen uptake of 0.25 weight %, a
lesser amount relative to Cu(II)TCPP that took up 0.86 % hydrogen. The TCPP-TAP solids, on
the other hand, absorbed hydrogen while the starting materials, TCPP and TAP, did not.

This is the first report of hydrogen uptake by an individual porphyrin and porphyrin hetero
aggregates. Even though the uptake capacities of these materials are about 10 % of the DOE
target for 2015, they will serve as a model for new types of material for hydrogen storage
applications.
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Table 5. Hydrogen uptake of porphyrin based materials.
ΔP, atm

Moles of H2

Mass of H2, g

Sample mass, g

Wt. % H

TAP

-

-

-

-

-

TCPP

-

-

-

-

-

Cu(II)TCPP

0.14

8.4 x 10-5

1.7 x 10-4

0.0211

0.86 %

TCPP-TAP

0.15

9.03 x 10-5

1.82 x 10-4

0.0198

0.97 %

Cu(II)TCPP-

0.05

3.01 x 10-5

6.08 x 10-5

0.0239

0.25 %

Sample

TAP

3.3

Graphite Intercalation Compounds

3.3.1 Synthesis and Characterization

XRD diffractogram of virgin and milled graphite are given in Figure 24. The Bragg peak was at
about 26.9° 2-theta for both samples. Upon milling, particle size of graphite was reduced, as
shown by the broadening and weakening of the diffraction peaks. The Bragg peak at 26.5°
corresponds to the (002) reflection and shows the order along the vertical axis of graphite. The
interplanar distance between graphene layers was 3.36 Å, by Bragg’s law. The broad peak
observed at about 12° was not an assigned peak of graphite and was probably due to a diffraction
from the sample tube material. The diffractogram of milled graphite was used as a basis for
comparison and to determine the structural changes that graphite underwent when it was milled
in the presence of the metals.
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Figure 24. X-ray diffractogram of as is and milled graphite. The y-axis of the milled sample was
multiplied by a factor of 10 for better visual comparison.

In the attempts to form the intercalate phase for calcium and lanthanum, the exact stoichiometric
amount of metal to carbon did not produce an intercalated compound. Excess metal was added to
produce a 1:2 molar ratio of metal to carbon in the milled mixture and after milling, an
intercalate phase was visually verified by its yellow color. Lithium intercalated graphite could be
formed by half an hour ball milling with 1 ball and using 1:6 molar ratio of Li to C. The resulting
product was a golden color powder. Diffractograms of graphite milled with Li, milled with Ca,
and milled with La are given in Figure 25. In each plot, the diffractogram of milled graphite is
also shown for comparison.
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Figure 25. X-ray diffractograms of graphite milled with Li (top), graphite milled with Ca (center)
and graphite milled with La (bottom). The dashed line indicates Bragg peak of graphite.

In Figure 25, one can see that the Bragg peak of graphite was shifted to 24.4° upon milling with
lithium, corresponding to an interplanar distance of 3.65 Å, a larger value than 3.35 Å, possibly
due to the insertion of Li in between layers of the graphite. This value is also in close
correspondence with the value reported in the literature, 3.70 Å [140]. In addition, the gold color
of the powder verified the formation of the intercalated compound.

In the X-ray diffractogram of graphite milled with Ca, the Bragg peak was observed at the same
angle as graphite. However a very broad peak appeared between 10°-25°. In the literature, an
interlayer spacing of 4.5 Å in CaC6 prepared by the molten alloy method was reported [111].
This interlayer spacing corresponds to diffraction at about 20° 2θ. The broad peak in the
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diffractogram of the sample is centered at 20° 2θ, therefore it is possible that it is due to the
formation of CaC6. The reason for the broadness of the peak is possibly the smaller particle size
as a result of high energy ball milling. There were also three new weak diffraction peaks
appearing at 31°, 45°, and 54° 2θ. These diffractions were assigned to calcium, which was the
excess reactant. While these data indicated that CaC6 was produced, conversion of the limiting
reactant was not 100 % and remaining graphite and Ca were also present in the sample.

Diffractogram of La milled with graphite did not contain the Bragg peak in the vicinity of 25°.
The diffractogram contained only one peak at very low angle at about 12°. This peak was also
present in the diffractogram of pure graphite and it was assigned to a diffraction from the sample
tube material. This may indicate an amorphous product or very small particle size due to ball
milling.

3.3.2 Differential Scanning Calorimeter
Oven dried graphite was analyzed in the DSC for hydrogen uptake. Graphite was heated to 350
°C under 9.5 atm hydrogen. The change in pressure and temperature are given in Figure 26. The
temperature profile was simulated based on initial temperature and the heating rate. The close
similarity between the sample pressure curve and a blank indicated that graphite was inert to
hydrogen. Therefore, any hydrogen uptake by the intercalated compounds was attributed to the
presence of the metal atom.
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Figure 26. Pressure data (red and blue) and temperature change (black) for the heating of
graphite to 350 °C under 9.5 atm hydrogen.

Calcium intercalated graphite was washed with liquid ammonia in order to remove the excess
metal. The resulting solids did not absorb hydrogen. Possible reasons could be the accidental air
exposure of the calcium intercalated compound during the washing process that was performed
outside the glovebox or loss of the Ca that was part of the intercalate. Therefore, it was decided
to test the samples for hydrogen uptake without removing the extra calcium. Lanthanum
containing graphite samples were also used without further treatment due to risk of air exposure.
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Hydrogen pressure and percent hydrogen plots for LiC6, CaC6, and LaC6 are given in Figure 27,
Figure 28, and Figure 29, respectively. Temperature change of the DSC furnace was determined
experimentally for LiC6. Due to instrumental difficulties, the temperature profile was calculated
for CaC6 and LaC6.

In the pressure plot of LiC6, one can see a rapid pressure drop beginning at about 110 °C and
ending at 235 °C. The amount of hydrogen absorbed by the sample was determined from the plot
to be about 1.1 weight percent. Calcium intercalated graphite also showed a rapid drop in
hydrogen pressure. The temperature range over which hydrogen was absorbed was 155 °C to 280
°C and the percent of hydrogen in the final product for this sample was 2.0 % by weight.
Relative to LiC6 and CaC6, the La intercalated graphite sample had a rather slow reaction with
hydrogen. The drop in the pressure was not as steep as the drop in the other samples; however, it
started at a much lower temperature and was spread over a wider range, 65 °C to 220 °C. The
amount of hydrogen absorbed was 0.60 %. These results are summarized in Table 6. Although
there were previous studies on hydrogen uptake by Ca intercalated graphite, this is the first report
on hydrogen uptake by Li and La intercalated graphite compounds.
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Figure 27. Pressure data (top) and % hydrogen plot (bottom) obtained by heating a sample of
LiC6 under 10 atm hydrogen.
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Figure 28. Pressure data (top) and % hydrogen plot (bottom) obtained by heating a sample of
CaC6 under 9.5 atm hydrogen.
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Figure 29. Pressure data (top) and % hydrogen plot (bottom) obtained by heating a sample of
LaC6 under 9.5 atm hydrogen..
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Table 6. Weight percent hydrogen values for intercalated graphite compounds.
Sample

Weight % H

Initiation temperature, °C

End temperature, °C

LiC6

1.1

110

235

CaC6

1.7

155

280

LaC6

0.66

65

220

The theoretical amount of hydrogen absorbed by the sample was calculated based on hydriding
all of the metal element present in the sample, and the assumption that the composition of the
sample analyzed was identical to the composition of the powder prior to milling. The theoretical
and actual amounts of hydrogen absorbed are given in Table 7. None of the materials absorbed
the theoretical amount of hydrogen. The highest amount of hydrogen was absorbed by CaC6 but
LiC6 had the highest percent conversion. The percent conversion decreased as Li>Ca>La. This
trend is in agreement with the reactivity trend reported in the literature (K>Rb>Cs), such that
reactivity towards hydrogen decreases with the increasing C-metal bond strength from K to Rb to
Cs [123]. Since La is the largest element out of the three, it is the most electropositive and forms
a stronger bond with graphite thus having less electron density to form a hydride. Li on the other
hand, is the smallest element of the three and forms the weakest bond with graphite leaving a
much larger electron density for hydride formation.
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Table 7. Theoretical and actual hydrogen uptake by metal intercalated graphite compounds.
Milled molar

Theoretical

Actual

Uptake

composition

hydrogen

hydrogen

temperature

as metal:C

uptake, g

uptake, g

%

range, °C

LiC6

1:6

1.1 x 10-3

9.2 x 10-4

84 %

110-235

CaC6

1:2

2.3 x 10-3

1.55 x 10-3

67 %

155-280

LaC6

1:2

1.25 x 10-3

4.45 x 10-4

36 %

60-220

Sample

Previously reported experimental values of hydrogen capacity and uptake conditions for calcium
intercalated graphite were given in section 1.5.2. Those samples were prepared by the molten LiCa alloy method. Hydrogen uptake was determined by heating to 300 °C and then increasing
hydrogen pressure from 0 to 15 atm. About 3 weight % hydrogen was absorbed over a period of
1 week. The CaC6 prepared by ball milling in this study absorbed approximately 1.7 weight %
hydrogen, under 9.5 atm hydrogen at less than 300 °C, and in less than 25 minutes. Although the
amount of hydrogen absorbed was smaller than the literature value, the temperature of uptake
was slightly lower, and most importantly, the reaction was much more rapid. The increased rate
of reaction was most likely due to particle size reduction and increase of surface area that are
inherent effects of ball milling.

3.4

Potassium Intercalated MnO2
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3.4.1 X-ray Diffraction

X-ray diffraction analysis of KxMnO2, Figure 30, showed strong (002) and (004) peaks due to
the layered organization of the structure. The hexagonal lattice with 7.08 Å repeat distance was
already fitted to this diffraction pattern in the literature [139]. The repeat distance for the sample
prepared in this study was calculated as 6.98 Å from the diffraction angle and is in close
agreement with the literature value.

Figure 30. XRD analysis of KxMnO2.
3.4.2 Differential Scanning Calorimeter

Metal intercalated graphite compounds were studied by heating to 350 °C. However, layered
MnO2 was found to absorb hydrogen at temperatures above that value. As a result, these
materials were analyzed by heated to 450 °C. The hydrogen uptake data are given in Figure 31.
In the pressure plot, an initial rapid drop occured between approximately 260 °C and 290 °C.
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Then from 290 °C to 365 °C, a relatively slow drop was observed. The first and the second
pressure changes correspond to 0.68 and 0.44 weight % hydrogen, respectively, and the total
uptake amount is approximately 1.1 weight %.
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Figure 31. Pressure (top) and % hydrogen (bottom) data obtained by heating a sample of
KxMnO2 under 9.5 atm hydrogen.
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XRD analysis of the sample of layered MnO2 immediately after hydrogen uptake, Figure 32,
showed that the diffraction peaks of KxMnO2 have neither shifted nor broadened with hydriding.
This indicates that the layered structure did not exhibit swelling with hydrogen absorption. The
preservation of the peak positions also means that the structure was stable upon absorption of
hydrogen. Furthermore, the absence of the two prominent diffraction peaks of potassium
hydride, KH, at 27° and 31° may be an indication that hydrogen absorption occurred without the
formation of KH. It is interesting to note that this is different than the metal intercalated graphite
compounds which appeared to form the respective metal hydrides.

Figure 32. XRD analysis of KxMnO2, before and after hydrogen uptake.
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4. CONCLUSIONS
Three different materials were synthesized, characterized and tested for hydrogen absorption at
constant pressure. These materials had a structural common point that they were composed of
planar building blocks. One of them, porphyrin aggregates, was based on organic planar
molecules that were held together by electrostatic attraction in a face to face arrangement. The
second type of material was graphite intercalation compounds that were formed by inserting
metal atoms between layers of graphite by ball milling. Third and last, layered manganese
dioxide with potassium atoms between layers of MnO2 was prepared by thermal decomposition
of KMnO4.

All of the materials studied were shown to take up hydrogen. This is the first report of hydrogen
uptake by porphyrin aggregates, La intercalated graphite, and layered KxMnO2.

While all three materials absorbed hydrogen, there were differences. Porphyrin based materials
showed a gradual hydrogen uptake without a specific onset temperature. Also a plateau was not
observed indicating that equilibrium was not reached. On the other hand, graphite intercalation
compounds and layered KxMnO2 showed a rapid hydrogen uptake over a well defined
temperature range. The intercalated graphite compounds showed almost twice as much of
hydrogen capacity than porphyrin materials and layered KxMnO2. Additionally, KxMnO2
absorbed hydrogen at a higher temperature. A summary of the results are given in
Table 8.
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Table 8. Summary of hydrogen uptake capacity and temperatures.
Material

%H

Uptake temperature range, °C

Rate

0.25-0.97

150-250

Slow

LiC6

1.1

110-235

Rapid

CaC6

1.7

155-280

LaC6

0.66

60-220

1.1

260-365

Porphyrin aggregates
Intercalated graphites

Intercalated KxMnO2

Rapid

Metal intercalated graphite compounds tested in the study were shown to absorb hydrogen in a
single step reaction. The completeness of hydrogen uptake of lithium intercalated graphite was
found to be the greatest as the Li-carbon bond was weaker than both the Ca-C bond and the La-C
bond. However the largest weight % hydrogen was observed for CaC6 with 1.7 weight %. The
weight % hydrogen absorbed by the CaC6 samples was less than literature value but the reaction
was much more rapid, in the order of minutes. For the LaC6 sample, the lowest hydriding
temperature was observed, however the % hydrogen capacity % yield were the least.

Potassium intercalated manganese dioxide also showed considerable hydrogen capacity, above 1
weight %. The uptake occurred in two distinct but consecutive steps, a fast initial step followed
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by a slower secondary uptake. This material required higher temperatures, up to 365 °C, for the
completion of hydriding. This material had the advantage of being air stable.

Model systems for hydrogen storage were developed in this work. Two of the materials tested,
porphyrin aggregates and layered KxMnO4, were air stable. Metal intercalated graphite
compounds were air sensitive and required storage and manipulation under argon. Porphyrin
aggregates were found to absorb approximately 1 weight % hydrogen. This value is below DOE
target values, however these materials were formed by the aggregation of disc like molecules
which have the potential to be structurally manipulated by an external field to alter the hydrogen
uptake and release properties and conditions. This is the first report showing hydrogen uptake by
these materials.

Lithium intercalated graphite, calcium intercalated graphite, and lanthanum intercalated graphite
were shown to take up hydrogen. Ca intercalated graphite showed the greatest uptake, 1.7 weight
%. Li intercalated graphite showed the greatest percent conversion to its respective hydride. This
is the first report of hydrogen uptake by La intercalated graphite.

In this work it was found for the first time that layered KxMnO4 is capable of absorbing
hydrogen. The material took up 1.1 weight % hydrogen, the same as Li intercalated graphite.
Unlike the Li intercalated graphite, layered KxMnO4 was observed to be air stable.
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All of the materials showed reasonable hydrogen uptake, however, by different mechanisms.
Porphyrin aggregates continuously absorbed hydrogen upon heating and did not reach
equilibrium with hydrogen. This behavior was similar to the adsorption of hydrogen by porous
materials such as metal organic frameworks. Metal intercalated graphite compounds and layered
KxMnO4 absorbed hydrogen at specific temperature ranges and reached an equilibrium state with
hydrogen. Layered KxMnO4 showed two consecutive uptake regimes, distinctively different in
rates, a rapid uptake followed by a slower one. This behavior of metal intercalated graphite
compounds and layered KxMnO4 was similar to hydride formation.

4.1

Future study

The implementation of a hydrogen storage material also requires the hydrogen uptake process to
be reversible. Hydrogen release properties of the materials tested in this study were not
determined because the essential purpose was to suggest model systems for hydrogen storage
and test those systems for hydrogen interaction. Further research on the layered structures tested
in this study should focus on the improvement of hydrogen uptake capacity to meet the target
values as well as investigation of release of hydrogen form the sample, and recycling of
hydrogen uptake and release processes.
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